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I. Introduction
The Hypersonic International Flight Research Experimentation (HIFiRE) program is a hypersonic flight test program executed by the United States AFRL and the Australian DSTO. 1, 2 Its purpose is to develop and validate technologies critical to next generation hypersonic aerospace systems. Candidate technology areas include, but are not limited to, propulsion, propulsion-airframe integration, aerodynamics and aerothermodynamics, high temperature materials and structures, thermal management strategies, guidance, navigation, and control, sensors, and system components. The HIFiRE program consists of extensive ground tests and computation focused on specific hypersonic flight technologies. Each technology program is designed to culminate in a flight test. The first science Approved for public release; distribution unlimited flight of the HIFiRE series, HIFiRE-1, launched 22 March 2010 at the Woomera Prohibited Area in South Australia at 0045 UTC (1045 local time).
The primary objective of HIFiRE-1 was to measure aerothermal phenomena in hypersonic flight. The primary experiment consisted of boundary-layer transition measurements on a 7-deg half angle cone with a nose bluntness of 2.5 mm radius. The secondary aerothermal experiment was a shock-boundary-layer interaction created by a 33-degflare / cylinder configuration. HIFiRE-1 ground test and computation created an extensive knowledge base regarding transition and SBLI on axisymmetric bodies. This research has been summarized in numerous prior publications. 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 A companion paper presents initial N-factor calculations for the HIFiRE-1 BLT flight experiment. 15 This paper reports preliminary BLT and SBLI results. Since BLT was the primary experiment, it is the focus of this paper. Some initial SBLI results are presented as examples of the data obtained during flight. HIFiRE-1 yielded over 1.6 gigabytes of data. Its analysis in some cases is complex due to complications that arose during flight. Therefore, additional analysis remains to be performed for both the BLT and SBLI experiments. Several interesting and unexpected phenomena were observed during flight, and they merit further scrutiny. The HIFiRE-1 data will be available to researchers for further investigation.
II. Vehicle and Trajectory
The HIFiRE-1 vehicle has been described in several prior publications, most notably in Ref. 14. The overall payload dimensions and the different payload modules are shown in Figure 1 . The experiments were carried out on the forward sections of payload including a cone, a cylinder, and a flare which transitions to the diameter of the second stage motor (0.356 m). The cone half angle of seven degrees was chosen to match configurations used in preceding ground tests and analytical/numerical work. One side of the cone incorporated a diamond-shaped trip element to create roughness-induced transition. The flare angle of 33° was chosen to induce turbulent boundarylayer separation and reattachment on the flare face4 as was observed during wind tunnel testing. Two cutout channels in the flare, one of which is visible in the bottom of Figure 1 , contained a laser-diode absorption spectrometry experiment that was discussed in a prior publication. The launch vehicle for the HIFiRE-1 payload was a Terrier Mk70 booster-Improved Orion sustainer 17 motor combination. The Terrier and Orion motors have been sourced from surplus military ordnance used extensively in sounding rocket programs. This motor combination was chosen to minimize overall program costs and, based on past flight experience, to deliver a Mach number between seven and eight during the experiments. Booster and sustainer were passively spin-stabilized using fin cant on the individual stages to minimize trajectory dispersion. Total payload weight was 135 kg with an all-up flight segment weight of 1554 kg and a total stack length of just over 9 meters (Figure 2 ).
Figure 2 HIFiRE Flight one booster stack
The payload flew a ballistic trajectory similar to those employed for the HyShot 18 and HyCAUSE 19 flights. The as-flown trajectory is shown in Figure 3 . The Terrier first stage burnt for 6.3 seconds and was then drag-separated from the second stage. The Orion/payload stack coasted until the second stage ignited at 15 seconds. Orion burnout occurred at 43 seconds. The payload remained attached to the second stage throughout the entire flight to provide stability as the payload reentered the atmosphere. Approximately the first and last 45 seconds of the trajectory were endoatmospheric. The remainder of the trajectory was exoatmospheric. During the exoatmospheric phase of the trajectory the Orion/payload stack was to have been reoriented with the reentry flight path angle. This was to have been accomplished using two nitrogen cold gas thrusters and a process employed for the reorientation of spinning satellites as presented by Wiesel. 20 A prior publication describes the HIFiRE-1 mission. 21 The most notable complications in the mission with regard to its science objectives were failures of the on-board GPS and the exoatmospheric pointing maneuver, and drift in the cone thermocouples. The loss of the GPS meant that the vehicle altitude and velocity had to be reconstructed from existing data such as accelerometers, radar tracks, etc. Reference 21 describes development of the BET. The failure of the exoatmospheric pointing maneuver was a more serious malfunction, since it caused the vehicle to enter the atmosphere with an angle of attack as high as 40-deg. Although angle-of-attack oscillations damped and decreased as the vehicle encountered higher density air at lower altitudes, the payload was still at over 10-deg AoA as aerothermal data began to be collected during descent. Since the risk of this occurrence was recognized prior to flight, the payload flew unshrouded, i.e. no nosecone shell covered the experiment during ascent. This permitted low-angle-of-attack (< 1 deg) data to be obtained during ascent. Although the descent phase was intended as the design point for HIFiRE-1 data acquisition, at least a portion of the ascent appears to have yielded useful, low angle-of-attack data. The Orion/payload stack remained in stable flight until impact.
Following ascent, most of the thermocouples in the cone began to drift upward. Many drifted until these channels saturated. The cause of this drift was presumed to be due to temperature effects on the thermocouple amplifier chips. Thermocouples in the SBLI experiment did not exhibit this shift. The drift in the BLT thermocouples means that absolute temperature data on the cone during descent cannot be measured. Thermocouples that saturated provided no data. However, qualitative trends during descent, including transition, may be extracted from thermocouples that did not saturate. Approved for public release; distribution unlimited 
III. Instrumentation
The primary aerothermal instrumentation for HIFiRE-1 consisted of Medtherm Corporation coaxial thermocouples. Type T (copper-constantan) thermocouples were installed in aluminum portions of the aeroshell and Type E (chromel-constantan) were installed in the steel portions. Kulite ® pressure transducers measured local static pressures. Several pressure transducers were operated in differential mode to measure differential pressures 180-deg apart on the vehicle to aid in attitude determination. Other transducers were referenced to internal pressure and sampled at up to 60 kHz to measure high-frequency pressure fluctuations. Figure 4 - Figure 7 illustrate the transducer layout. In these figures, TLBW refers to Medtherm coaxial thermocouples, PLBW refers to Kulite ® pressure transducers sampled at 400 Hz, and PHBW refers to Kulite ® pressure transducers sampled at up to 60 kHz. Heat transfer transducers HT1, HT2, HT6 and HT7 were Medtherm Schmidt-Boelter gauges sampled at 400 Hz. HT3 and HT8 were Vatell Corporation thin-film thermopile heat transfer gauges sampled at 4 kHz. HT5 and HT10 were ITA Inc. Delta-T gauges sampled at 400 Hz.
All pressure transducers with the exception of the flare were model XCE-093. Those in the flare were XTEH-7LAC-190 (M). The flare transducers each output separate AC and DC-coupled signals that were digitized on different channels.
The coaxial thermocouples were dual-junction models that measured front-surface and back-surface (internal) temperatures simultaneously. These thermocouples were bonded into pre-drilled holes in the model surface using LOCTITE ® adhesive. The thermocouples were installed with the backface junction flush to within 0.1 mm (estimated) of the model interior surface. The portion of the thermocouple which extended beyond the model external surface was removed using files and abrasives so that the final thermocouple contour matched the model surface contour. This finishing process created a "sliver junction" between the center-wire and annular thermocouple materials, in which whiskers of one conductor are dragged over the other to create the thermocouple junction.
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IV. Data Analysis
Data analysis for the HIFiRE-1 flight required development of a best-estimated atmosphere (BEA), bestestimated trajectory (BET) and vehicle attitude estimate. A prior paper describes the BEA and BET development. Table 1 presents maximum estimated percentage errors in the BEA quantities at the data point nearest 27 km altitude. Uncertainty increases with increasing altitude. Since all data was taken below 27 km, the Table 1 uncertainties are worst-case. Also, uncertainty was much higher for the descent phase of the flight. No uncertainty estimate is currently available for the BET parameters. Comparison of the AFRL BET with a BET independently developed by NASA DFRC however, gives some measure of uncertainty levels. Table 2 summarizes deviations between the two BETs at critical times during ascent and descent. Table 2 Deviations between AFRL and NASA BETs HIFiRE-1 transmitted data on three telemetry streams. With the exception of TM stream one, which consisted mostly of rough-side transducers, transmission quality was good. TM stream one was very noisy, with dropouts and bit shifts, which degraded the quality of data on this channel. Also on this channel, the flight computer dedicated to thermocouples on the cylinder upstream of the flare on the tripped side of the payload failed during ascent, so those data were lost.
Analysis of the thermocouple and pressure data consisted of first removing demonstrably bad points due to TM dropouts. Thermocouple data, which was originally processed using a linear calibration, was re-calibrated to account for nonlinearities in the thermocouple calibrations using standard NIST calibration coefficients for type T and type E thermocouples. The maximum nonlinear correction for the T thermocouples during ascent was about 5 deg K. The maximum nonlinear correction for the Type E thermocouples was about 33 deg K, for thermocouples near attachment in the SBLI. The amount of correction depended on temperature and type of thermocouple. SBLI thermocouples required greater adjustment due to their higher temperature.
Heat transfer analysis required that the thermocouple data be smoothed. Where data points were missing, data was linearly interpolated between good points, so that input data for the heat transfer analysis were evenly spaced in time. Back face temperatures were zero-shifted so that the average temperatures of the front and back face thermocouples for the first 0.1 seconds of data were coincident. The data were smoothed using a simple moving average of 0.2 seconds.
Heat transfer was estimated using inverse analysis. Radiation was not considered since it was estimated to be less than 1% of convective heat transfer during periods of interest in the flight. Heat transfer at the aeroshell front face (wetted surface) was derived from the one-dimensional conduction equation
The temperature distribution through the aeroshell was obtained by solving the transient conduction equation
The transient conduction equation requires front and back face boundary conditions. The time-history of the front face was used as one BC. Both adiabatic conditions and measured back face temperature histories were tested as back face BCs. Both gave essentially the same results, although esults using adiabatic backface conditions were slightly more consistent. The adiabatic backface condition was thus used for most analysis in this paper. All analysis was carried out using material properties for the shell material, 6061 T6 aluminum for the cone and upstream portion of the cylinder, and AISI 1045 steel for the downstream portion of the cylinder and the flare. The use of the adiabatic back face BC was also tested by using measured front face temperatures as inputs to a 1D thermal conduction model of the aeroshell in the TOPAZ finite element conduction solver. The measured front face temperatures were used as a temperature BC, and the back face was treated as adiabatic. Figure 8 presents the results of two such computations at x=0.3 m and x=1.05 m. The computed back face temperature generally agreed well with the measured temperature up to about 10-15 seconds. After this time the measured back face temperature is somewhat lower than would be expected from an adiabatic back face condition. Although the difference between the expected adiabatic backface temperature and the measured temperature is less than 5 degrees, this is enough to create large percentage errors at low heating levels. Measured turbulent heat transfer rates are within about 25% of heating predicted using the van Driest 22 theory and BET conditions. A similar comparison shows laminar heating with +/-70% of predictions using the Eckert 23 method. Multiple sources may account for these discrepancies, such as transducer drift, mislocation of the back face thermocouple, multi-dimensional conduction effects, non-planar geometry effects, or backface conduction. The effect of the detailed transducer geometry was assessed by gridding a detailed model of the coaxial thermocouple gauge as it was embedded in the aluminum wall, including the LOCTITE ® bonding material, and performing the same calculation described above. The effect of the transducer details was negligible.
Figure 8 Examination of adiabatic backface boundary condition.
Pressure measurements recorded after the vehicle left the atmosphere revealed some zero-shift. This zero-shift was determined by averaging the pressure for a given sensor over a 0.2 second window centered at t = 60 sec (h = 88600 km). This zero shift was assumed to be linear with time during the launch, and the appropriate increment at a given time was then subtracted from the measured signal: Figure 9 compares the surface pressure measured on four transducers to the Taylor-Maccoll solution 24 for surface pressure on a 7-deg sharp cone. The measured pressures are generally within 6% of the Taylor-Maccoll solution. This agreement provides a-posteriori validation of the BET. The periodic fluctuations in pressure, most notable for t> 20 seconds, are due to vehicle spin combined with small angle of attack. The scatter in pressure for t<6 seconds is attributed to acceleration sensitivity of the transducers. A similar procedure was applied to surface pressures recorded during reentry. Since in this case there was no ground-level reference, the correction consisted of a scalar shift so that transducers read zero at 456 seconds (h=80 km). The results of this data treatment are compared to Taylor-Maccoll solutions based on the AFRL and NASA BETs in Figure 10 . Large oscillations in pressure due to the high AoA reentry are apparent. The extrema of the measured pressures bracket solutions from both BETs, but the NASA BET appears to better approximate the mean. The NASA BET was thus used for all analysis described in this paper. PLBW04 appears to drift for t> 485 seconds.
The vehicle orientation in flight is described by the velocity-referenced coordinate system shown in Figure 11 .
Roll angle, is defined as the angle between the =0 primary instrumentation ray and the velocity component normal to the missile long axis, positive counter-clockwise as viewed from the front of the payload. The vehicle spin in flight was counter-clockwise, as determined from inspection of surface pressures, ground cameras and other on-board sensors. Angle of attack and roll angle were determined from measured cone surface pressures. The vehicle rotated on its long axis, which in turn executed a coning motion or precession about the flight path. 25 The coning period is much longer than the spin period, so the orientation of any given transducer may be approximated as a rotation from windward to leeward and back again at constant AoA. This motion created a surface pressure that was usually a sinusoidal function in time, although at some times other lower-amplitude harmonics are evident in the pressure signal, indicating a somewhat more complicated motion. The fluctuating component of the surface pressure measured with absolute pressure transducers was determined by taking a moving average of the pressure and then subtracting this from the instantaneous pressure. Differential pressure transducers also measured the pressure difference between two ports 180 apart on the cone. Two differential transducers monitored four ports, but one transducer malfunctioned, leaving only one differential pressure measurement.
Several schemes were examined to determine the roll angle. Although all gave similar answers, the simplest and most satisfactory method was to locate the local maxima and minima in the differential pressure, and assume a constant roll rate (linear phase variation in time) between these two points. The spin rate varied from about 6 Hz just after first stage burnout at 8.5 seconds, to 3.7 Hz at 30 seconds. During reentry, spin rate varied from about 4 Hz at 470 seconds to 3.5 Hz at 485 seconds. These roll rates, which are referenced to velocity, are slightly different from those extracted from the horizon sensors or magnetometers, which are earth-referenced. 21 Approved for public release; distribution unlimited Figure 12 illustrates these results. During ascent, AoA was less than 0.5 deg for t<21 seconds, and less than 1-deg for t<22 seconds. During descent, AoA varied from 5-13 deg for 482< t<485 seconds. The estimated uncertainty for AoA is 0.3-deg for ascent (t<22 sec) and 2.7 deg for descent (t>483 sec). This uncertainty is derived from the RMS variation in calculated AoA among the transducers. Some of the relatively large variation in AoA during reentry is due to the assumption of a simple harmonic motion of the missile. Approved for public release; distribution unlimited In addition to executing a spinning and coning motion, the vehicle was also nutating and oscillating in pitch. Some of this complex motion is reflected in a modulation of the pressure fluctuations observed in Figure 10 . 
V. Transition Results
The Mach number and Reynolds number varied non-monotonically through the ascent due the motor burns. Figure 13 shows that Mach and Reynolds initially increased as the first stage burnt. Freestream Mach number and Reynolds number are derived from the BET and BEA, and the boundary-layer edge values are determined from a Taylor-Maccoll solution for a sharp cone of seven degree half-angle. The edge unit Reynolds number peaked at over 65x10 6 per meter at first-stage burnout at t=6 seconds. Mach and Reynolds then dropped as the vehicle coasted until t=15 seconds, when the second stage fired. At this point Mach and Reynolds both began to climb, until about M=4.7. After this the Reynolds number dropped rapidly as the vehicle escaped the atmosphere.
Figure 13 Ascent (left) and descent (right) Mach and Reynolds number flight histories
The wall condition throughout the flight was a cooled wall. Figure 14 illustrates the T w /T e and T w /T 0 history throughout ascent for TLBW31 at x=1.0513 m. These ratios at other x-stations on the cone were similar to those presented in Figure 14 , since there was little temperature variation over the length of the cone frustum. The ratio T w /T 0 decreased throughout first-stage burn, then increased during the coast phase. T w /T 0 decreased sharply during the initial second stage burn, then continued to decrease at a slower rate during the sustain portion of the second stage burn. This ratio was approximately 25% by t=30 seconds. Approved for public release; distribution unlimited During ascent, the cone boundary-layer was turbulent over most of the vehicle shortly after it left the rail. This transition front then progressed downstream over the cone as the vehicle ascended and Reynolds number dropped. During reentry, this movement of the transition front was in the reverse direction, from rear to front of the vehicle. The ascent transition front movement is somewhat at odds conceptually from what we are familiar with in flight tests and wind tunnel experiments, and this creates some difficulty with nomenclature. For simplicity, the point at which the boundary-layer appeared to be fully laminar will be referred to as "transition onset." The last fully turbulent point will be referred to as "transition end" even though transition "end" preceded "onset" during the ascent.
The turbulent flow early in flight probably arose from a trip near the nose. Figure 15 shows heat transfer as a function of time, derived from temperature measurements on the smooth side of the cone. Expected turbulent and laminar heat transfer derived from Eckert and van Driest theories at x=0.3 m are shown for reference. The expected heat transfer was computed using the measured cone temperatures and BET conditions. The trends in expected heat transfer follow the Mach / Reynolds characteristics described above. The data show that heat transfer at these two transducers (x=0.3013 and 0.5013 m) transitioned from laminar to turbulent values nearly simultaneously at about t=13.5 seconds. This rapid movement of the transition front is consistent with tripped flow. The two transducers at x=0.5513 and 0.6013 m were damaged before flight and did not produce data. Flow over the transducer at x=0.6513 m remained turbulent beyond 13.5 seconds until about 15 seconds, when it appears to have transitioned to laminar. The suspected source of the trip during the early portions of flight was one or more backward-facing steps in the nose assembly. The nose assembly, shown in Figure 16 , consisted of the TZM nosetip and steel isolator, and was attached to the aluminum cone frustum by a stainless-steel joiner. To prevent steps from occurring at these joints during flight due to differential thermal expansion, small backward-facing steps were designed into the joints at room temperature. The steps were sized so that the joints would be flush with no steps at 23 km during reentry.
Figure 16 Nose assembly showing backward-facing steps for thermal expansion. Scale in photos is 0.5 mm
The as-manufactured steps were measured in the DSTO Brisbane shop using a lathe and a dial-indicator. Figure  17 shows the step heights measured with this procedure. The payload was disassembled after this measurement and then reassembled at the range prior to launch. The necessary clearances between parts invariably lead to variations in joint quality each time a joint is assembled. To try to document this at the range following final assembly, a laserscan of the flight vehicle was attempted just prior to launch. This was foiled by specular reflection from the polished surface of the payload. An attempt was made to scale step heights from the macrophotos shown in Figure  16 . This rough analysis indicated step heights of 0.2 mm or less, consistent with the bench measurements shown in Figure 17 . Finite-element conduction analysis further supports the supposition of tripped flow near the nosetip. In this analysis, two assumptions were made to bound the thermal state of the nosetip assembly. In the first case (hot tip), flow was assumed to trip at the nosetip / isolator junction, and transition to laminar at t=14 seconds. In the second case (cold tip), flow was assumed to trip at the joiner / frustum joint, and transition to laminar at 11.5 seconds. Laminar and turbulent heat transfer coefficients based on Eckert and van Driest heating estimates for these conditions were input into a finite-element conduction model of the nosetip. These transitions were modeled as step changes in space and time. Temperatures at two internal thermocouple locations (TLBW1 and TLBW2) were extracted from the solutions and compared to temperatures measured at these locations. TLBW1 was located in the TZM nosetip and TLBW2 was located in the joiner component. Figure 19 shows that these limiting cases bound the temperature measured on TLBW1, and the cold-tip model provides the better approximation to the TLBW2 measured temperature. Given the demonstrated circumferential non-uniformity of the heat transfer and uncertainties over trip locations, thermal contact resistances and so on, a unique solution to the measured nosetip temperatures would not be expected. However, the Figure 19 results are consistent with an early trip at some point on the nosetip. The impact of the nose joint steps is expected to diminish with time for several reasons. The boundary layer should become less sensitive to roughness as Mach number increases. The roughness Reynolds number will decrease as freestream Reynolds number drops and the boundary layer thickens. Finally, as the nose temperature increases, the step heights will decrease via thermal expansion as they were designed to do. Approved for public release; distribution unlimited
Figure 19 Measured nosetip thermocouple temperatures compared to conduction solutions for hot and cold nosetips
The suspected early trip near the nose is significant even for later times when the transition is presumed to be smooth-body. This is because the vehicle possessed no surface instrumentation upstream of x=0.3 m, so the wall temperature distribution used as a boundary condition for CFD must be inferred from heat transfer calculations. Figure 20 presents an example of the effect of tripped nosetip flow on the temperature distribution. In this example, the TOPAZ code was run using convective boundary conditions based on the BET. Several cases were examined, including fully laminar, fully turbulent and two nosetip assumptions -the "hot tip" and "cold tip" cases described above. The hot and cold tip cases were assumed to be tripped at the times and locations noted above. After this, transition was assumed to occur at an edge Reynolds number Re e =1.8e7. This transition criterion was imposed merely to provide a rough approximation of the actual boundary conditions. The actual transition Reynolds number varied during flight. The aeroshell back face boundary condition for all cases was adiabatic. The surface temperature distribution for these cases at t=22 seconds is compared to the measured surface temperature distribution at the same time in flight for the =0-deg ray in Figure 20 . In all cases the computed distributions show a temperature spike near x=0.2 m due to the low-conductivity stainless steel joiner at this location. The first five temperature measurements agree somewhat better with the hot tip model than the cold tip. This is to be expected, since transition occurred later on this ray. Somewhat more variation is observed downstream, but this is probably due to the oversimplification of the imposed transition criterion. What is most notable is the variation of 60K or more between the hot tip and cold tip cases upstream of the joiner at x=0.2m. The actual temperature distribution is ultimately unknowable, but these two cases bound the wall temperature distribution. Approved for public release; distribution unlimited After transition moved off the nosetip, it progressed over the cone in a more gradual fashion. Figure 21 illustrates this progression. Thermocouples at x=0.9, 0.95 and 1.05 m drop from turbulent to laminar flow for 20 < t <23 seconds. Thermocouples between x=0.65 and x=0.85 m showed a peculiar unsteady progression between t=16 and 20 seconds, with multiple excursions nearly equal to the difference between laminar and turbulent heat transfer. The source of these fluctuations is unknown. Their time scale appears larger than the rotation period of the missile, and thus cannot be ascribed to variations between windward and leeward transition. In any case, the angle of attack during this period was less than 0.5-degrees. This period occurs when the second-stage booster is at maximum thrust, and might be related to disturbances arising from the motor firing, although no large oscillations were evident in the vehicle accelerometers.
Figure 21 Smooth-side cone transition after t=15 seconds Approved for public release; distribution unlimited
The transition progression may also be visualized by examining heat transfer distributions over the cone at fixed points in time. This data presentation is an aid to visualization, since it resembles the traditional presentation of wind tunnel data. Obtaining quantitative heat transfer on the cone was not a primary objective of the HIFiRE-1 mission, but an effort was made to extract this data in order to better understand the transition process. Although the measured heat transfer data show significant scatter, up to 70% of expected laminar heat transfer, transition trends may still be extracted. Figure 22 presents heat transfer coefficient as a function of Reynolds number for times between t=19 and 22 seconds. Heat transfer coefficient and Reynolds are both referenced to freestream values. Over this period, transition moves steadily back over the cone. The maximum transition Reynolds number derived from Figure 22 occurs at 19 seconds, and is approximately 14.5x10 6 (freestream conditions) or 18x10 6 (edge conditions). Table 3 summarizes the transition times derived from smooth-side thermocouples during ascent. The near-simultaneous transition at stations at x=0.5 m and upstream is a further indication of tripped behavior. Transition upstream of x=0.85 m is difficult to define due to the oscillatory nature of the heat transfer. 
Table 3 Smooth Side Transition Times During Ascent
The symmetry of the transition process may be assessed by examining the output from transducers located at the same axial location but at different azimuthal locations. Figure 23 shows these results at several axial locations. To determine if the intermittency observed in the HT3 signal was related to the vehicle attitude, the output from this sensor was plotted as a function of roll angle for several roll periods during transition. Roll angle was derived from the pressure measurements as described above. These results are presented in Figure 27 . In these plots the transducer is on the windward side at  HT3 =0, and on the leeward side at  HT3 =180 deg. Transition begins with an intermittent drop in heat transfer between 300 and 360 deg. This laminar region grows in size, and other periods of laminar flow appear as the Reynolds number drops. By the period beginning at 22.286 seconds, only one turbulent spike remains near 50-deg, and another small disturbance occurs near 100 deg. The flow appears fully laminar in the period after this. The periods of laminar and turbulent flow appear to occur at repeatable locations from roll cycle to roll cycle. Some asymmetry is evident. Some asymmetry is due to the drop in Reynolds number that occurs between the beginning and end of a roll period. For the period beginning at 21.461 seconds, edge Reynolds drops approximately 3%. Other asymmetry, such as the initial laminar period that occurs between  HT3 =300 and 360 deg cannot be explained by a Reynolds drop, and may be due to variations in the missile attitude during this time. During this period, the missile motion was not a simple spin and cone. Additional low amplitude harmonics were evident in the pressure signal. The first laminar period near  HT3 =300 deg occurs at a length Reynolds number (based on x and edge conditions) of 20.2x10 6 . The last turbulent patch near  HT3 =300 deg occurs at Re=13x10 The cone ray diametrically opposed to the smooth-side thermocouple ray contained a diamond-shaped trip centered at x=0.5263 m. Figure 28 shows the trip construction and a photo of the installed trip. Medtherm coaxial thermocouples are visible upstream and downstream of the trip. The planform of the trip was a square, 10 mm on each side, with radiused corners. The nominal trip height above the cone surface was 2 mm, and it was constructed of copper. The top surface was radiused to the cone centerline at x=0.5263 m so that the height of the trip did not depart substantially from 2 mm at any point.
Figure 28 Boundary-layer trip. Dimensions in mm.
As-installed trip Approved for public release; distribution unlimited Most of the rough side SBLI instrumentation was on TM stream 1, and this stream experienced high noise levels during launch. Despite the high noise levels, trip effects may be extracted from these data. Figure 29 demonstrates the difference between rough-side and smooth-side transition. This figure shows data from Medtherm heat transfer gauges HT1 and HT2 on the smooth side, and HT6 and HT7 on the rough side. HT1 and HT6 were located at x=0.9013 m and displaced 15-deg from the primary thermocouple rays on their respective sides. HT2 and HT7 were located at x=1.0013 m and displaced 30-deg. Figure 29 illustrates the drop to laminar heat transfer that occurred on the smooth side between 22-23 seconds for HT1 and HT2. A number of data points from the rough-side transducers are shifted, but the overall trend is clear. Note that HT2 drops laminar about a second after HT1 since it is farther downstream. HT6 and HT7 did not attain laminar heat transfer until t=30 seconds. The difference in transition time between these thermocouples is not discernible, which is a reflection of the rapid transition movement typical of tripped transition. The trip was sized9 to be effective at a Reynolds number Rex=8x10 5 during descent at approximately 33 km at M=7.2. The tripped side appeared to drop laminar during ascent at h=31.5 km at M=5.68, with Rex=9x10
5
. Given the differences in Mach number and wall temperature ratio between the descent design point and the ascent effectiveness point, the agreement in Reynolds number at the trip may be coincidental. A closer examination of the trip roughness Reynolds number is called for, as well as examination of other transducers on the tripped side. The interpretation of descent transition data is complicated by the large and time-varying AoA during this period and the thermocouple drift that preceded it. An attempt was made to extract heat transfer from thermocouples that drifted prior to entry, since the heat transfer depends on the time derivative of the temperature, not its absolute value. Figure 30 illustrates heat transfer measured with Medtherm thermocouples during descent. Heat transfer was extracted using only the front-face temperature and the adiabatic backface assumption, as described above. The measured heat transfer was compared to expected laminar and turbulent heat transfer for a cone at zero AoA at the BET conditions. The large oscillations in measured heat transfer are due to the vehicle spin at AoA, as the sensor was carried periodically between windward to leeward. Results for the transducer at x=0.5013 m are suspect, since they show much larger oscillations than the other transducers. Generally, the measured heat transfer agrees qualitatively with the predicted laminar heat transfer until it begins to rise. This point is taken as transition. Heat transfer at x=0.8013 and 0.9013 m shows large excursions after transition begins, due to transducer saturation. Transition onset is observable on these transducers, however. The drop in heat transfer after t=486 seconds on some transducers is apparently spurious. The transducer at x=0.5013 m may show a transition event after 486 seconds, but this is debatable, given the weakness of the heat transfer rise and the suspect nature of this transducer. Transducers at x=0.4013 and x=0.3013 m (not shown) do not display evidence of transition. It appears in most cases that the heat transfer minima begin to rise first, indicating a leeside-first transition. Transition onset times are summarized in Table 4 . Transition times are somewhat subjective since they depend on picking a time when the 25 Approved for public release; distribution unlimited overall trend in the oscillating heat transfer begins to rise. However, they do show a trend of the transition front moving from the back to the front of the vehicle. 
Table 4 Entry transition times measured with Medtherm thermocouples
Since the cone is at over 10 degrees AoA during the transition process, the flow should be separated and the transition front should be three-dimensional. Some of the detailed information on the shape of the transition front was filtered out of the thermocouple data, due to the limited frequency response of these instruments. The higher bandwidth instrumentation, such as the Kulite ® pressure transducers and Vatell heat transfer gauges were able to resolve details of the transition front. The time records of these instruments were mapped to a roll angle around the missile (relative to the wind vector) as described above. Figure 31 presents a montage of measurements from the PHBW1 pressure transducer. Results for the other two smooth-side Kulites are very similar. PHBW1 was located at x= 0.8513 m and =10 deg. PHBW1 was referenced to the internal cone cavity and high-pass filtered from 100
Hz to 30 kHz. The times in each graph indicate the beginning of the record illustrated in the graph. At the 0 and 360 deg locations the transducer was windward, and at  PHBW1 =180 deg it was on the leeward ray. A low-frequency modulation with a period equal to the roll period is apparent. Since the transducer was high-pass filtered such a lowfrequency component should not be evident. It is probably present because of a combination of two factors. First, the low-pass filter possessed a finite rolloff and probably permitted some energy to pass at low frequency. Second, the low-frequency component is quite large due to the high AoA. This low-frequency component appears to be phase-shifted. The high pressure portions of the signal do not occur at  PHBW1 =0 and 360 deg when the transducer is windward. This phase-shifting may have been produced by the filter or unsteady venting of the vehicle internal cavity during the roll cycle, or some combination. In summary, the low-frequency component is an artifact and should be ignored.
The higher-frequency fluctuations are more interesting. In the period beginning at t=482.8 seconds, two bands of fluctuations appeared between about 50-130 deg and 210-280 deg. The relatively quiescent region between about 130-210 degrees was probably in the separated region. In the period beginning at t=483.37 seconds, the two fluctuating bands had a greater azimuthal extent and somewhat greater amplitude. High-frequency fluctuations now began to appear between them. This trend continued in the period beginning at t=483.94 seconds. Also, by the end of this period, a burst of noise occurred on the windward side, probably due to transition. By t=484.8 seconds the signal appears fully turbulent. Approved for public release; distribution unlimited Windside transition occurred at the end of the t=483.65 period, slightly before it appeared on PHBW1. Presumably, this is due to the more downstream location of HT3. By 484.82 seconds, flow over HT3 was mostly turbulent, except for small patches of transitional flow between 50-60 deg and 270-300 deg. Closer inspection of both the PHBW1 and HT3 outputs show that the fluctuations preceding fully turbulent flow were periodic. Figure 33 demonstrates the periodicity apparent in both signals. The PHBW1 fluctuations were more regular than those measured on the HT3. When examined in the time domain, the fluctuations appear to be relatively low-frequency. PHBW1 fluctuations were on the order of 300 Hz, two orders of magnitude lower than the second-mode frequency. This raises the question of whether the periodic disturbances in the transducer signals were created as the transducers rotated beneath stationary crossflow waves, or whether they are due to some other phenomenon. In the angular coordinates of Figure 33 , these disturbances have a period of 3-5 degrees. At this station, this angular dimension would translate to a wavelength of about 5-9 mm. Further analysis, including 3D stability calculations to compare wavelengths, is necessary to answer this question. Approved for public release; distribution unlimited The angular location of disturbed regions as described above may be combined with the freestream Reynolds number to create a map of the disturbance front. This map, shown in Figure 34 , demonstrates that the PHBW1 detects disturbances earlier than the HT3. However, once disturbances began to register on the HT3, their location agreed fairly well with that measured with PHBW1. Two lobes of disturbances appear near 90-deg and 250-deg on PHBW1 as early as Rex=2x10 6 . The angular extent of these regions increases as the Reynolds number increases, until they merge on the centerline. This merger is not well-defined in time, but seems to occur near Rex = 4x10 6 . Windward transition appears just under Rex=5x10 6 . The windward transition front merges with the side lobes near Rex=6.5x10 6 . Transition fronts with a similar topology of lobes and indentations have been observed in wind tunnel experiments on cones at AoA, although they did not exhibit the degree of indentation observed on HIFiRE-1. Figure 36 . The normalized HIFiRE pressures were slightly higher than those measured at CUBRC, and the peak pressure was not as high. The pressure signals in the SBLI also displayed dynamic behavior over a range of time scales. Figure 38 shows the ascent time history of pressure for one transducer, PLBW20, in the SBLI. This transducer was on the cylinder 50 mm upstream of the cylinder / flare corner. After peaking at about three seconds, the overall pressure level dropped as the vehicle ascended. Pressure then rose again between about 8-10 seconds. This rise was probably due to the separation shock moving upstream over the transducer. Some unsteadiness in the pressure signal is noticeable during this period. The time scale of this unsteadiness was similar to the roll period of the vehicle, and probably Unsteadiness on a shorter temporal scale was observed with high-bandwidth pressure transducers. The Kulite ® pressure transducers in the SBLI all saturated at some point during ascent. The period of time spent saturated depended on the transducer location. It is unclear if this saturation was due to actual pressure fluctuations or some other phenomenon. Some amount of saturation during ascent was expected since the transducers were sized for measurements during the descent phase of the flight at lower dynamic pressure. Figure 39 shows an example for PHBW8, situated on the cylinder upstream of the flare at x=1.5413 m. The cylinder / flare corner was located at x= 1.6013 m. Saturation occurred between 3-5 seconds during maximum dynamic pressure and again between 9-13 seconds. Despite periods of transducer saturation, useful periods of data remain. A major objective of the SBLI experiment was to search for low-frequency oscillations in the separation-induced shock. Shock oscillation is manifested as a bimodal pressure distribution. 29 The period between 5 and 8 seconds, shown in detail on the right of Figure 39 , is demonstrably bimodal and unsaturated, and suitable for further analysis. Figure 40 illustrates the power spectral density derived from PHBW8 at several points in time, before, during and after the period of bimodal pressure distribution noted in Figure 39 . Each PSD is taken over a 0.05-second window. The PSDs before and during the bimodal episode showed a strong spectral content below 2 kHz, peaking at less than 200 Hz. This low-frequency periodicity is clearly evident in the time-series of Figure 39 between 5.2 and 5.25 seconds, and is perhaps associated with an aerodynamic or structural mode of the missile. It is far higher than the roll frequency of the missile at this time, which was approximately 6 Hz. Inspection of the time series shows that the peak in the spectrum at about 3 kHz during the period from 6.2-6.25 seconds is associated with the bimodal pressure fluctuations. CFD is necessary to calculate the incoming boundary-layer thickness and edge velocity to scale the frequency so that it may be compared to wind tunnel test results. Conditions at t=6.2 seconds are freestream M=3.43 and freestream unit Reynolds number of 5.6x10 7 per meter, or a length Reynolds number of 9x10 7 at the cylinder-flare intersection. Approved for public release; distribution unlimited 
VII. Conclusions and Additional Work
The HIFiRE-1 flight successfully acquired surface pressure, temperature and heat transfer data at freestream Mach numbers up to 7. The flight met its two primary objectives, to measure second-mode transition and to measure fluctuating pressures in a turbulent shock-boundary-layer interaction.
The flight suffered several system malfunctions, but each was compensated for in some way. The GPS system failed, requiring the trajectory be reconstructed using a BET process. The exoatmospheric pitch-over maneuver also failed, resulting in an AoA of over 10 deg during reentry. In this case, the ascent phase provided useful low angle of attack transition and SBLI data. High-bandwidth pressure transducers in the SBLI all saturated at some point during ascent, but intermittency in the pressure signal was observed during periods when the transducers were not saturated. A number of the primary thermocouples used to measure heat transfer and transition on the cone drifted after ascent. Despite this, enough thermocouples survived to reconstruct the transition process during reentry. Approved for public release; distribution unlimited Data obtained during the later stages of ascent appear to provide clean transition measurements useable for calibrating the N-factor transition correlations. Stability calculations 15 indicated N-factors of about 14, indicative of second-mode transition. The transition process during ascent showed some intermittency, perhaps due to subtle variations in the vehicle flight conditions. The high bandwidth pressure and heat transfer transducers possessed frequency response adequate to define transits between laminar and turbulent regions during entry. These measurements were used to construct a map of the transition front in terms of roll angle and Reynolds number. Fluctuations with a well-defined periodicity were measured during entry, perhaps as a result of transducers transiting stationary disturbances as the vehicle spun.
HIFiRE-1 demonstrated new instrumentation for transition measurement. Medtherm coaxial thermocouples with hand-formed "sliver junctions" survived and performed well. Kulite ® pressure transducers and Vatell heat transfer gauges were able to resolve dynamic processes during transition. Medtherm Schmidt-Boelter gauges also provided heat transfer data with a response intermediate between coaxial thermocouples and the Vatell gauges.
The HIFiRE-1 flight produced a large amount of data. The analysis reported in this paper has assessed the data quality and provided some initial results. A number of analyses might now be conducted to better understand the phenomena observed on this flight:
High-bandwidth transducers. The high bandwidth transducers can yield a large amount of additional data. Those on the cone may provide some indication of intermittency in the transition process. Those in the SBLI will be assessed for quality and be subjected to spectral analysis and probability density analysis to discern shock fluctuations. Transducers may be cross-correlated to infer larger-scale motions in the SBLI.
Thermal analysis. Thermal analysis has been confined to axisymmetric analysis of the cone using heat transfer rates inferred from Eckert and van Driest theories. A full 3D analysis could be performed using the measured flight heat transfer, taking into account the mid-body boundary-layer trip. Analysis of the SBLI and flare would be especially interesting.
Heat transfer. Heat transfer has been derived from 1D and axisymmetric inverse analysis. This analysis is probably adequate for the cone, but significant axial heat transfer may have occurred in the SBLI. A 3D inverse analysis would be helpful in understanding these effects.
Boundary layer trip. The tripped side data suffered from high TM noise, but numerous transducers appear to show useful data. These data should be subject to further analysis. Computation of correlating parameters would be helpful.
High AoA transition. Since the higher bandwidth transducers appear to have resolved the transition front and perhaps instabilities, further analysis of transition under these conditions would be very interesting. Threedimensional stability analysis would help in determining the nature of the periodic fluctuations observed prior to transition. Wind tunnel tests would also help resolve this question, and also provide the overall shape of the transition front. Additional CFD and testing might also help refine AoA estimates.
SBLI. Heat transfer and pressure distributions will be derived from the flight data at a variety of flight times. These may then be compared to wind tunnel test results and computation.
High altitude data. Some pressure and temperature sensors appeared to show roll-related modulation as high as 68 km. It remains to be seen if these fluctuations are indeed flow-related, and if the measurements are of sufficient accuracy to be useful as verification data. Also, the accuracy of AoA measurements at this altitude has not been assessed, and the balloon sounding data did not reach this altitude. The possibility of retrieving data at these high altitudes is intriguing, however, and it would be worthwhile to explore the usability of the data.
